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Growth and Characterization of High Quality
Zinc Oxide Single Crystal


































The main efforts are focused on establishing the optimum growth coriditions for producing a high-purity and 
high-quality ZnO single crystals and on measuring the optical and electrica] properties of grown ZnO single crystals. 
High-purity and high-quality ZnO single crystals were successfully grown by CVT in a novel closed quartz ampoule, 
using carbon as a transport agent. To improve the single crystal growih of ZnO by the CVT method, a newly designed 
anipoule has been dev. eloped and single crystals with large natural facet of about 5x5x5 mm3 are obtaixled. 
From X-ray rocking curve for (004) reflection peak, the FWHM ~alue of 44 arcsee was obtained. In PL spectrum 
(Fig. I ), the UPB and LPB of A- and B- excitons and neutral donor bound excitons (Dox) were clearly obseived. The 
longitudina] transverse splittings ( a'l.T ) for A and B excitonic polariton were estimated at 3 meV and 14.4 meV, 
respectively. These results indicate that the grown crystal is of high quality. The characterization of ZnO single crystal 
grown using three times CVT purified source indicates remarkable improvement of purity and crystallinity of grown 
erystal in comparison with the ZnO grown using singly purified source. 
The Hall carrier concentration and mobility were evaluated about 2.38xl017 cm~3 and 120 cm2V~is~1 at 280 K, and 
the highest (at 70 K) nlobility was about, 358 bm2V~~s~1, which means that this crystal is of good electrical properties. 
The dominant d6nor of the as-grown crystal had a carrier concentration of 2.8x I 017 cm~3 and donor binding energy of 
42.78 meV. In the annealing experiment under contolling Po_,, donor binding energgy is nearly the same as shown in Fig. 
~, however, the carrier conbentrati0~ of ZhO sing*le crystals markedly decreases after annealing than that of as-grown 
Z~O single crystals. This result implied that the native defect of ZnO single crystals is atu'ibuted to the oxygen 
vacancies and play as a donor with ED = 42.8 meV. 
Chapter 3. hfluence of MB g;oup elenients (Al. Ga ancl hl) on the electrical and optical properties ofZnO siugle 
a ystals 
For fabricating LEDS using ZnO as an active layer, the critical challenge is p-type doping. In contrast to n-type 
doping, it is very dift"rcult to prepare a p-type ZnO due to the strong self-compensation effect aud the compensation with 
residual donor type impurities. To estabiish a p-typ~ crystai, clarificatio;n of the roie of residual impurities and native 
 defect is important. The hig･h quality and high purity bulk single crysta]s could be grown in the previous chapter 2 and 
demonstrated that the native defect attributed to the n-type behavior of as-grown crystals is the oxygen vacancy (Vo). 
Thus, in this chapter, to co.ntro]1 the optical and electyical properties of ZnO, the influence of doping with lll B group 
eiements (In, Ga and A] regarded as donor hnpurity) en the electrical property such as donor binding energy (E*i) and 
optical property such as neutral donor bound exciton em!ssions has been studied by measuring Hall effect and 
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photoluminescence spectra, respectively. 
The polycrystalline ZnO grown by CVT using ordinary ampoules were used as a source material. Commercial grade 
high-purity 111 B group elements svch as Al (5N), Ga (7N) and In (6N) are used as dopant materials. 
Highly doped ZnO crystals were prepared as mother materials for homogenous doping by a following procedure: 
(1) Al-, Ga- and In-doped ZnO polycrystals were synthesized by CVT method. 
(2) Using appropriate amounts of these highly doped polycrystals and un-doped polycrystal as source materials, 
ZnO single crystal growih was performed. 
The results of photoluminescence and Hall effect measurements on high purity and high quality ZnO and single 
crystals doped vyith Ai, Ga anJ In are described. MeaSuring the X-ray rocking-curve (FWHM) demonstrates the good 
clrystalline quality of the ZnO single crystals doped with Al, Ga, and In= The neutral donor bound excitons of impurities 
have been identified by the photoluminescence (Fig.. 3). The detected donor bound exciton emissions are 14 at 3.3662 eV, 
 16 (A1) at 3.3632･eV, 18 (Ga) at 3.3614 eV, and 19 (In) at 3.3600 eV, and the respective two-electron transitions are 
observed at 3.330, 3.3202, 303158, and 3.3185 eV. The donor binding energies have been determined by the 
measurement of Hall effect. Th~ dominant donor in doped A], and In-ZnO samples has a dehsity of about 7.23 x I 017cm~ 
and 8.87x 1017cm~3 , and E!)'~ 39'1 meV and 35.1 meV, respectively. These results are reliable and they are obtained for 
the first time. 
Ch apter 4. Influen ce of substrate purity on h onioepitaxial Zu Ofilms 
The contamination of the thin film fiom the substrate during" homoepitaxial growth is one of the most importarit 
problems. The main purpose of this chapter is to study the influence of substrate purity on homoepitaxial ZnO films to 
examine the availability of the bulk single crystals grown in the present study as a substrate for the hcurioepitoxai l 
growih. The growih of ZnO homoepitaxial f~llms Were carried out by metalorganic chemical vapor dep0Sition 
(h40CVD) and CVT methods. For comparison, the single crystals grown by hydrothermal (HT) ~nd CVT methods and 
commercial Al203 were used as the substrates and residual impurities, photoluminescence and crystalline quality were 
examined on the epitaxial films. 
It was found that impurity diffusion from the substrates into the layers was observed from SIMS analysis. Fig. 4(a) 
and (b) shows SIMS depth profiles of Li, K, Na, Mg and Al in the ZnO homoepitaxial film. Fig. 4(a) confirmed that the 
HT-ZnO substrates included various kinds of residual impurities such as Li. K, , Na, Al and Fe ions that mig*ht diffuse 







from substrate during the growth. On the other hand, the result of ZnO homoepitaxial film on the CVT-ZnO substrate 
was similar to background levels as shown in Fig. 4(b). Compared with the fihn grown on the r-plane sapphire substrate, 
the Al atom in the ,'-plane sapphire substrate is also identified to diffuse from the substrate to ZnO epitaxial f~llm, as 
shown in Fig. 4 (c). The diffused in impurities affected optical properties ofthe grown iayen The result of SIMS and PL 
could conclude that, even though growing fi]ms are of good crystalline, it is difficult to prevent the effect of impurity 
diffusion from substrates. The optical properties ofZnO Iayers were dependent on the residual impurities in substrates. 
As a resu]t, the ZnO buik singie crystal prepared by in this study is suitable as the substrate. 
C/t apter 5. Con clusions 
The growth method of high-purity, high-quality and iow resistivity n-type ZnO buik single crystal is developed. And 














































~ ¥ ' ~'~ ~(~]*~~ 
'3'3?5bevLPB*a * ~ 






















3 34 3 36 3 38 3.~ ' 3.42 ' ~ 3.44 
Photon enel-*)' (ev) 
Photoluminescence spectrum ofthe ZnO crystal at 8K. 
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Fig. 2 Carrier concentration as a function of inverse temperature 
fbr as-grown (b]ack color), and annealed crystal at 1000cC (red 
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Fig. 3 photoluminescence spectra of (a) undoped (as-grown), 
(b) Al, (c) Ga and (d) In doped ZnO single crystals. 
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Fig' 4 SIMS depth profile of (a) ZnO/HT-zno subStrate, (b) 
Zno/CVT-Zno substrate and (c) ZnO/Zno buffer layer/'-Al203 
substrate. 
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 論文審査結果の要旨
 ZnOバルク単結晶は、GaN系短波長発光デバイス用基板材料として、さらに、ZnO系短波長発光素
 子作製用基振材料として注目されている。また、ZnO系発光素子の実現には、固有欠陥およびドナー性
 不純物の挙動も含めた物性の解明も必要であり、高品位バルク単結贔の成長が不可欠である。本研究は、一
 化学気相輸挙(CVT)法による高純摩Z豆0単結晶の成長を行い、IIIb族元素をドーピングしフォトルミネ
 ッセンス(PL)および電気的特性に及ぼす影響を明らかにすると共に、基板としての有用性を明らかにし
 たもので～全5章より成る。
 第1章は緒論であり、本研究の背景と目的について述べてレ～る。
 第2章では、炭素を輸送剤としたCVT法によるZ嚢O単結晶の成長について述べている。単結晶成長
 の再現性および成長速度を向上させることを目的として新しいアンプル構造を提案した。2重構造を持
 つアンプルを開発し、原料ガスが逆温度勾配を経由し、キャピラリーを通して成長部に均一に輸送され
 るようにした。原料部と結晶化部との温度差△Tおよび結晶化部の温度をパラメーターとし、輸送実験
 を行った結果、これまでの報告値の5倍の成長速度で高品位単結罷が再現性良く得られること塗明らか
 にした。さらに、CVT法を利用したZnOソースの高純度化手法を開発し、Pしおよびホール測定によ
 りその効果を明らかにした?自由励起子発光に関して、A調よぴB励起子のポラリトン上枝および下枝
 からの発光を観測することができ、〉ζ線ロッキングカーブ半値幅の結果とも合わせ、結晶が高品位であ
 ることを確認レている。また、酸素雰囲気中の熱処理を行い、成爲結晶中の優勢なドナー種が酸素空孔
 でそのドナーレベルが42,8澱eVであることを初めて明らかにした。
 第3章では、ドナー性不純物であるAl、Gaおよび,1nを添加し、電気特性および低温におけるPLを
 測定した結果につい七述べている。PL測定では、中性ドナーに束縛された励起子の再結合による発光
 }一クエネルギーを正確に求めると共に・それに関連した2電子遷移発光ピークとのエネルギー閥隔か
 ら添加したドナ㎞のドナーレベ!ンを評価し・より信頼できる値を得ることができた。また、ドープした
 結晶のキャリア濃壌の温度依存性から添加不純物のドナーレベルを評価すると共に、基板用の低抵抗高
 品位バルク単結晶の作製に道を開いた。
 第4章では、得られたバルク結贔のホモエピタキシャル成長用基板としての有効性を調べている。第
 2章において成長した結晶に加え、比較のために水熱合成法により成長された市販のZnO基板および
 ヘテロエピタキシャル成長に一麟的に用いられているサファイヤ基板を用い、有機金属化学気相輸送法
 およびCVT法によるエピタキシャ～レ成長を試み主に不純物の成長結贔への拡散をSIMS分析によって
 調べた♀その結果、市販の基板を用いた場合、成長中に多くの不純物が成長膜中に拡散することを示し、
 基板め純度が成欝結晶の特性制御に極めて重要な意味を有すること、および本研究で成長した結晶が基
 板として優れていることを明らかにした。
 第5章は結論で、本研究で得られた成果を総括している。
 以上要するに、本研究は、化学気相輸送法による高品位ZnOバルク単結晶の成長法を確立し、ド
 ナー性不純物の挙動を明らかにすると共に基板としての有用性を明らかにしたもので、材料工学の発展
 に寄与するところが少なくない。
 よって,本論文は博士(工学)の学位論文として合格と認める。
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